Recombination in Staphylococcal Bacteriophages
The only published works dealing with recombination amongst staphylococcal bacteriophages are those of Rountree & Asheshov (~96 0 and Wentworth & Romig (I968) . These authors have demonstrated the existence of a defective lysogen by studying the recombination between invading bacteriophages and the defective lysogen. However, until now, the lack of suitable genetic markers has hampered more detailed study of staphylococcal bacteriophage recombinants. This report deals with recombination between prophages and invading bacteriophages having recognizable genetic traits associated with (a) their ultrastructure, (b) their specificity as seen by superinfection immunity, and (c) their ability to suppress the lipase reaction of host staphylococci as seen on egg yolk medium (i.e. their ability to convert an egg yolk positive (EYP) reaction to a negative (EYN) one upon lysogenization). Table I summarizes the characteristics of the three phages used in the present work.
When the non-converting phage 54 x I (Fig. ~) (originally selected for its lack of converting ability from a suspension of group III typing phage 54) was propagated on Staphylococcus pyogenes of the EYN strain vs54 (method of Blair & Williams, I96I) the phage lysate, designated 54 x I/PS54, was found to be heterogeneous with respect to its converting ability. This was accomplished as follows: suspensions of the phage lysate (original titre IO 9 p.f.u./ml.) were mixed in concentrations of io 4 to ~o 7 p.f.u./ml, with a 6 hr broth culture of EYP S. pyogenes 39 x 35 at a final concentration of lo 5 bacteria/ml. The mixtures were incubated at 3 °o for 36 hr, and the surviving bacteria were then tested for their lipase reaction by plating them in egg yolk medium J1 (Dickinson, Raibaud & Mocquot, I968 ). They were also tested for the presence of lysogenic phage (Duval-Iflah, I969), for their resistance to the lysogenizing phage, and for possible contamination by lytic phage (as demonstrated by the presence of lytic plaques in the lawn of staphylococci grown on soft agar). Amongst the surviving bacteria in those suspensions which contained between Io 5 and io 7 p.f.u./ml, both EYP and EYN lysogenized strains were found. In those suspensions containing only IO 4 p.f.u./rnl., the lysogenized strains were always EYP. Thus, converting phages appeared in the phage lysate 54 × I/es54 at a frequency of approximately Io -4, the dominant population of the progeny being composed of the original, wild-type non-cony.erring phage, 54 x 1. Those strains of staphylococci that remained EYP were found always to be of the type 39 x 35(54 x I), i.e. they were demonstrated to be immune to superinfection by phage 54 × I and to be capable of liberating the phage following appropriate induction procedures (Duval-Iflah, I969). In contrast, the strains that had become EYN were found to be immune to both phage 54 × I and L54a. The phages responsible for the conversion were isolated from the EYN staphylococci following u.v. induction (Sompolinsky, Iflah & Aboud, I968) and purified by single plaque isolation on the EYP strain 39 × 35(54 x Q. The converting phages were also isolated directly from the phage lysate 54× I/PS54 by propagation on Staphylococcus 39 x 35(54 x I) using the methods of Blair & Williams (I96I) . Although some of the converting phages were thus found to be simply L54 a harboured by the propagating strain of Staphylococcus vs54, the great majority of converting phages differed from both 54 × I and L54a. This new type of phage, designated 54 × I Rec, could be distinguished from * These phages have been described in more detail in a recent paper (Duval-Iflah, I972).
t Ability to convert a Staphylococcus from egg-yolk positive (EYP) to egg-yolk negative (EYN) upon lysogenization.
Reciprocal cross-immunity is defined as the immunity conferred upon lysogenization with one phage against the others; -indicates that there is no cross-immunity between the three phages. the original phages 54 × ~ and L54a by virtue of a new combination of ultrastructure (Fig. 2a) , plaque morphology (Swanstrom & Adams, x 95 L cross-immunity and lytic spectrum (Blair & Williams, I96I) . These data, summarized in Table z, indicate that 54 × i Rec originated from phage 54 × I recombined with phage L54a. The ultrastructure (Fig. 2a) and plaque morphology of 54 x 1 Rec were seen to be identical to those of 54 × ~, but the converting ability and immunity specificity were those of L54a. Furthermore, 54 × ~ Rec was found to have a lytic spectrum which differed from that of both 54 × I and L54a. Its inability to grow on Staphylococcus PS53 and PS54 seemed to be associated with its L54a pattern of immunity, whereas its reactions with other strains seemed to be linked with its origin from 54 x 2.
When S. pyogenes of strain 39 x 35, bearing phage L39 x 35 (Fig. 2 b) was lysogenized with phage L54a (Fig. 3b) , three unexpected types of lysogenized strains were obtained. The lysogenizing phages were isolated from each of these by the methods of induction and propagation alluded to above, and were found to include three recombinants, designated L39 x 35RecI, L39 x 35Rec2 and L39 x 35Rec3. In Table 2 these recombinants are compared with the original wild-type phages L54a and L39 x 35 with respect to the same criteria outlined above for 54 x ~ Rec. These three recombinants were morphologically identical to L39 x 35 (Fig. 3 a) . Recombinants L39 x 35 Reci and Rec2 were found to have acquired both the converting ability and immunity specificity of L 54 a; whereas L39 x 35 Rec3 had acquired only the immunity specificity of L54a, while remaining non-converting like the parent phage L39 x 35. Despite the immunity characteristics resembling those of L54 a, the three recombinants were unable to grow on Staphylococcus PS54C , which is the homologous propagating strain of phage L54a.
Recombinants L39 x 35 Rec2 and Rec3 were able, upon lysogenization, to substitute for Bradley (1963) . t Conversion of the EY reaction; + indicates that the phage converts an EYP strain of Staphylococcus to EYN upon lysogenization: -indicates that the phage does not convert.
$ Substitution: + indicates that the lysogenizing phage is able to substitute for the original prophage L39 x 35 carried by the recipient strain of Staphylococcus 39 x 35 (see text). the original prophage which it dislodges. Presumably, however, when the invading phage is established as a second lysogen, it comes to occupy a different chromosomal position, leaving the original prophage undisturbed. In connexion with phage A, Kaiser & Jacob (I957) have shown that the C1 region of the phage controls both the immunity pattern and the location of the prophage on the bacterial chromosome. This principle may account for the findings of double lysogenization seen with 54 × I and 54 × I Rec, and with L39 x 35 and L39 x 35RecI, Rec2 and Rec3; since in all cases, the recombinants had the immunity pattern of L54a. Actual substitution, i.e. dislodgement of one prophage by another, as seen in some instances with L39 × 35 Rec2 or Rec3, is more difficult to explain. The substituting phages cannot simply be considered as dominant mutants of the original prophage (Boyd, 1956; Bertani, I953; Cohen, I959) since they can, in some instances, be demonstrated in connexion with second or double lysogens. It has been suggested (Bertani, I954) that the phenomenon of substitution is always a consequence of genetic recombination between the original prophage and the superinfecting phage.
